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We demonstrate imaging of ions in an atomic gas with ion-Rydberg atom interaction induced
absorption. This is made possible by utilizing a multi-photon electromagnetically induced trans-
parency (EIT) scheme and the extremely large electric polarizability of a Rydberg state with high
orbital angular momentum. We process the acquired images to obtain the distribution of ion clouds
and to spectroscopically investigate the effect of the ions on the EIT resonance. Furthermore, we
show that our method can be employed to image the dynamics of ions in a time resolved way. As an
example, we map out the avalanche ionization of a gas of Rydberg atoms. The minimal disruption
and the flexibility offered by this imaging technique make it ideally suited for the investigation of
cold hybrid ion-atom systems.
PACS numbers: 42.50.Gy,32.80.Ee,33.80.Rv,34.20.Cf
The exaggerated polarizibility and dipole moment of a
highly excited (Rydberg) atom [1] result in its extreme
sensitivity to electric fields ranging from static to tera-
hertz (THz) regimes, as well as strong interactions with
charged particles and other Rydberg atoms. These prop-
erties have enabled applications in the research fields of
electric field sensing [2–5], quantum optics at the single
photon level [6–9], quantum information processing [10],
and quantum simulation of many-body systems [11, 12].
Furthermore, the strong interactions between ions and
Rydberg atoms are central to the recently observed Ryd-
berg excitation blockade by a single ion [13] and to predic-
tions on the control of cold atom-ion collisions via Ryd-
berg dressing [14, 15]. These studies are actively pursued
in relation to cold hybrid ion-atom systems, which are
emerging as a new platform for investigating fundamen-
tal quantum physics, including cold collisions, strong cou-
pling polarons, formation of molecular ions, and charge
mobilities [16, 17]. The ability to image the ion kinetics
in situ and non-destructively will be highly relevant for
probing such processes.
In this context, electromagnetically induced trans-
parency involving Rydberg states (Rydberg EIT) is
promising for imaging the dynamics of ion impurities
immersed in cold atom clouds. The underlying idea is
to utilize interaction enhanced photon scattering due to
the Rydberg excitation blockade [13, 18, 19]. A similar
concept has been implemented to image impurity Ryd-
berg atoms and monitor dipole-mediated energy trans-
port [20, 21]. As the imaging technique relies on the
absorption of light by a large number of atoms surround-
ing each ion, it has the potential of being fast and could
be applied to ions of any internal structure.
In this letter, we demonstrate imaging of 87Rb+ ions
∗ These two authors contributed equally.
† wenhui.li@nus.edu.sg
embedded in a cold cloud of 87Rb atoms with ion-
Rydberg atom interaction induced absorption. We ex-
pose the ion-atom mixture to an imaging probe pulse of
1µs under the conditions of a multi-photon EIT scheme
involving the 27G Rydberg state. From the acquired im-
ages, we quantitatively analyze the spectral shift and the
suppression of the EIT resonance in the presence of ions.
Finally, we report a spatially and temporally resolved ob-
servation of the avalanche ionization dynamics in a Ryd-
berg gas. This result shows that this imaging technique
is well suited to investigate the dynamics of cold hybrid
ion-atom systems.
The principle of the imaging method is illustrated in
Fig. 1(a). A probe beam resonantly drives the atomic
transition from the ground state |g〉 to an excited state |e〉
while a coupling field is on resonance with the transition
from |e〉 to a Rydberg state |r〉. In the vicinity of an ion,
the energy level |r〉 is shifted due to the long-range ion-
Rydberg atom interaction potential Vir(R) = −C4/R4,
where R is the internuclear distance and C4 is the inter-
action coefficient. Inside the so-called blockade sphere of
radius Rb = (2C4/γEIT )
1/4
, this shift exceeds the EIT
linewidth γEIT , which enhances scattering from state
|e〉. Therefore the atoms within the blockade sphere sur-
rounding an ion absorb the probe light, whereas the rest
of the atomic ensemble remains transparent, and this
contrast is used to form an image of the ion.
Note that, even in the absence of ions, the transmission
of the probe light may be reduced due to the Rydberg-
Rydberg interaction Vrr(R) = −C6/R6 [22, 23]. Hence
the critical aspect to achieve a sufficient imaging con-
trast is to properly select the Rydberg state |r〉, such
that Vir(R) is strong enough to induce a large absorp-
tion around the ion while Vrr(R) remains weak. We ac-
complish this by virtue of the strong dependence of the
Rydberg state polarizability α = 2(4pi0/e)
2C4 on the
orbital angular momentum ` of the Rydberg state [24],
where 0 is the electric constant and e is the elementary
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FIG. 1. (a) Concept of the ion-Rydberg atom interaction
induced absorption. (b) Plots of C4 coefficients of the in-
teraction Vir(R) between a
87Rb+ ion and a 87Rb Rydberg
atom in the |nG9/2,mJ = 9/2〉 state (green diamonds), the
|nD5/2,mJ = 5/2〉 state (blue squares), and the |nS1/2,mJ =
1/2〉 state (red dots) [24]. (c) Photo-ionization and multi-
photon Rydberg EIT detection schemes. (d) Sketch of the
experimental setup. A bias B field along z defines the quan-
tization axis. The 479 nm ionization beam is aligned along x
with the axial axis of the atomic ensemble. The 780 nm ion-
ization beam passes through a pattern of one or more slits,
which is imaged onto the atomic cloud using a 1.8 : 1 relay
telescope (not shown). The detection fields include a 780 nm
probe laser, a 482 nm laser beam counter-propagating with
the 479 nm beam, and two microwave fields with wavevec-
tors in the x − y plane. The probe light is scattered inside
the Rydberg blockade spheres (green balls) around the ions
(black dots), which cast shadows on an electron-multiplying
charge-coupled device (EMCCD camera).
charge. As shown in Fig. 1(b), the C4 coefficient for a G
state is two orders of magnitude larger than those for the
S and D states of a similar principal quantum number
n. This huge C4 coefficient leads to a blockade radius
Rb > 5µm for a wide range of γEIT in our experiment
and for n as low as n = 20. A Rydberg state of low ` and
high n may have a C4 coefficient similar to that for a G
state of low n, but a C6 coefficient three orders of mag-
nitude larger. This C6 would result in a nearly complete
absorption of the EIT probe light under the experimen-
tal conditions necessary for imaging [23]. In balancing
the two interaction effects as well as taking into account
technical factors in our setup, we have chosen the state
|r0〉 = |27G9/2,mJ = 9/2〉 as the upper EIT level, which
we access via a multi-photon EIT scheme [25].
We begin our experiment with the preparation of
an ensemble of 87Rb atoms in the ground state |g〉 =
|5S1/2, F = 2,mF = 2〉, which is confined in a single-
beam optical dipole trap (ODT) at a temperature of
25µK. After being released from the ODT and a time-of-
flight (TOF) of 10µs, the highly elongated atomic cloud
has a peak density of 4.8 × 1011 cm−3 and radially fol-
lows a Gaussian density distribution with a 1/e2 radius
w = 12µm. To produce ions, we use the two-photon
ionization scheme shown in Fig. 1(c), where a 780 nm
laser resonantly drives the transition to the intermedi-
ate state |e〉 = |5P3/2, F = 3,mF = 3〉 and a 479 nm
laser provides the coupling to the continuum at about
2pi×340 GHz above the ionization threshold. The photo-
ionization lasers are applied for a duration of ti = 0.14µs
to generate ions within well-defined regions of the atomic
ensemble, as illustrated in Fig. 1(d).
Following the two-photon ionization pulse and a de-
lay of 0.1µs, we perform imaging with a 1µs EIT de-
tection pulse. As shown in Fig. 1(c), the probe field
of wavelength λP = 780 nm couples to the |g〉 → |e〉
atomic transition. An effective three-photon coupling
field is used to enable the |e〉 → |r0〉 transition, via the
off-resonant intermediate states |28D5/2,mJ = 5/2〉 and
|27F7/2,mJ = 7/2〉. It is formed by the optical field D
(482 nm) and the two microwave fields M1 (112 GHz)
and M2 (4 GHz). The spatial configuration of the imag-
ing fields is shown in Fig. 1(d). The circularly polarized
probe beam of peak Rabi frequency ΩP = 2pi × 0.7 MHz
propagates through the atomic cloud along the quanti-
zation axis z, and is projected onto the EMCCD camera
using an imaging system of 3µm resolution [26]. We
choose a magnetic field B of 6.1 G to induce sufficiently
large Zeeman splittings of the energy levels, and appro-
priate frequencies and helicities of the fields D, M1 and
M2, such that only the σ+ transitions are of relevance
in our experiment. These three fields form an effective
coupling field, with experimentally calibrated Rabi fre-
quency ΩC,eff = 2pi × 6.7 MHz. Further experimental
details on the imaging fields are given in Ref. [27].
The obtained images are preprocessed to remove unde-
sirable interference fringes [28], and then averaged over
many experimental cycles. In the absence of the ioniza-
tion pulse, we observe an approximately uniform absorp-
tion along the atomic cloud under resonant EIT condi-
tions, as shown in Fig. 2(a). This residual absorption
is due to the Rydberg blockade induced dissipation re-
sulting from the interaction Vrr(R) [22, 23]. It could be
reduced by lowering ΩP , which however would be detri-
mental to the imaging signal-to-noise ratio. When an
ionization pulse is applied in three different regions of the
atomic cloud, as indicated by dashed lines in Fig. 2(b), an
enhanced absorption is observed at the positions of the
ion clouds. We extract the image of ions by computing
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FIG. 2. Imaging of ion clouds. (a) EIT image T0 acquired
without ions. (b) EIT image Ti acquired in presence of three
ion clouds. (c) Image of the relative transmission Ti/T0. Each
of the images (a) and (b) is the average of about 220 prepro-
cessed images. The dashed lines delimit the areas where the
atoms are exposed to the photo-ionization 780 nm laser beam.
About 11 ions are created in each of the three exposed areas.
the relative transmission at every pixel position (x, y),
T (x, y) = Ti(x, y)
T0(x, y)
, (1)
where Ti and T0 correspond to the transmission images
acquired with and without applied ionization pulse, re-
spectively. This post-processing highlights the local char-
acter of the ion distribution, as shown in Fig. 2(c).
The images of Figs. 2(a) and 2(b) are acquired under
optimized conditions based on the spectroscopic studies
shown in Fig. 3. For the measurements in Fig. 3, we apply
a photo-ionization pulse in a single region of the atomic
cloud and vary the probe field frequency detuning ∆P at
the beginning of each experimental cycle, while keeping
all other parameters unchanged. The two four-photon
EIT spectra in Fig. 3(a) correspond to the mean trans-
missions T i and T 0 recorded with and without ionization
pulse, respectively. Here, T i and T 0 are calculated over
the small region-of-interest (ROI) indicated by a rectan-
gle in the inset image of Fig. 3(a).
In the absence of the ionization pulse, the spectrum
is similar to those of standard Rydberg EIT configura-
tions [29], as confirmed by a fit with the steady-state
solution of a 3-level EIT system (Fig. 3(a)). We ob-
serve a characteristic transmission peak centered in the
broad atomic absorption spectrum, which, however, is
shifted from the atomic transition frequency by ∆P0 ≈
2pi× 8 MHz. This shift is due to AC Stark shifts coming
from the off-resonant fields that form the effective cou-
pling field [25]. In the presence of the ionization pulse,
generating approximately 14 ions, the drop in transmis-
sion is sharp around ∆P0. This drop is due to inter-
action enhanced scattering within the blockade sphere
of radius Rb around each impurity ion. Using the ion-
atom interaction coefficient for |r0〉 given in Fig. 1(a),
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FIG. 3. (a) and (b) EIT spectra showing mean probe trans-
missions T i and T 0 vs. probe field detuning ∆P using the Ry-
dberg state |27G9/2,mJ = 9/2〉 in (a) and |28D5/2,mJ = 5/2〉
in (b). The data markers correspond to experimental spec-
tra recorded without ions (red circles) and with ions (blue
diamonds). The EIT image Ti shown in the inset is the
average of 22 preprocessed images. (c) Relative absorption
A = 1− T i/T 0 recorded for ∆P = 2pi × 8 MHz as a function
of fe and Ni. The dashed lines are 3-level EIT fits, and the
solid lines are the result of a theoretical model as detailed in
the text. The error bars are the standard error over more
than 20 imaging realizations.
C4/h = 26.5 GHzµm
4, we obtain Rb = 8.5 µm, which is
comparable to the radius of the atomic cloud. This large
blockade radius is consistent with the disappearance of
the EIT effect at ∆P0. Moreover, the EIT resonance
is red-shifted by about 2pi × 2.5 MHz from ∆P0, while
being broadened and strongly attenuated. This is due
to the attractive and inhomogeneous ion-Rydberg atom
interaction in the present system.
The large C4 coefficient of state |r0〉 is essential for this
imaging technique. To verify this, we change the upper
EIT state from |r0〉 to the nearby |28D5/2,mJ = 5/2〉
state having a C4 coefficient two orders of magnitude
smaller. We achieve this with a standard two-photon EIT
scheme, where the coupling field is provided by a single
482 nm laser. The corresponding EIT spectra acquired
with and without ionization pulse are shown in Fig. 3(b),
and no clear difference is noticeable. This is expected,
as the blockade radius in this case is reduced threefold,
which means that ∼ 30 times fewer probe photons are
scattered off around an ion.
In Fig. 3(c), we report on the relative absorption
A = 1 − T i/T 0 as a function of the fraction of atoms
excited to the intermediate state |e〉, fe, which is varied
4using the intensity of the 780 nm ionization laser. The
total number of ions Ni in the ionization volume depends
linearly on fe, and is given on the top horizontal axis of
Fig. 3(c). The relative absorption first increases steadily
with Ni and then saturates rapidly above Ni ∼ 10. For
small Ni where the blockade spheres surrounding the ions
are unlikely to intersect, A ∝ Ni, as explained in [27].
When Ni increases, the blockade spheres start to overlap
and the number of scattered photons per ion is reduced,
resulting in the saturation of A. In this regime, the rel-
ative absorption reaches Asat ≈ 0.4, which defines the
maximum contrast achieved with our current experimen-
tal conditions. We infer that a contrast of ∼ 0.3 or more
can be expected from a single blockade sphere of radius
Rb induced by an individual ion.
To obtain a more quantitative understanding of our
experimental results, we compare the data of Fig. 3 with
the model presented in Refs. [25, 27]. The propagation of
the probe field EP through the atomic cloud is calculated
in steady-state using the differential equation ∂zEP (~r) =
ipi/λP χ(~r)EP (~r), where χ(~r) is the linear susceptibility
at position ~r. For our effective three-level system, χ(~r)
is approximated as
χ (~r) =
i nat (~r) ΓσλP /4pi
Γ
2
− i(∆P − δ1) + Ω
2
C,eff
/4
γ−i[∆P+∆C−δ2−δStark(~r)]
, (2)
where Γ/2pi = 6.067 MHz is the spontaneous decay rate
from state |e〉, nat (~r) is the atomic density, γ is a dephas-
ing rate of the atomic coherence between the |g〉 and |r0〉
states, and σ is a scattering cross-section [27]. Moreover,
∆C is the three-photon detuning from the |e〉 → |r0〉
atomic transition, and δ1 and δ2 are the AC Stark shifts
affecting the |e〉 and |r0〉 energy levels, respectively. Fi-
nally, δStark (~r) = α(θ)E (~r)
2
/2 is the Stark shift of |r0〉,
where α(θ) is the polarizability depending on θ, the an-
gle between the quantization axis and the direction of the
electrostatic field E at the position ~r [27].
In the simulation, each ion sample is generated given
the ionization rate per atom RI (~r) = %ee (~r)σIΦ479,
where σI is the ionization cross-section at the wavelength
of the 479 nm laser, Φ479 is its photon flux density, and
%ee is the fractional excitation in the intermediate state
|e〉. The consideration of the ion cloud expansion during
the detection pulse, the effect of which may not be neg-
ligible for a large ion number, is discussed in Ref. [27].
The simulated curves displayed in Fig. 3 are averages over
many ion samples and calculated for σI = 20.4 Mb, which
is consistent with the cross section reported in Ref. [30].
With all the other parameters being experimentally cal-
ibrated, the good agreement between the data and the
simulation confirms that the ion-Rydberg atom interac-
tion is the sole mechanism responsible for the observed
imaging contrast.
Our ion imaging scheme opens up the possibility of spa-
tially investigating ionization processes and the dynamics
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FIG. 4. Avalanche ionization. Interaction induced images
of the space charges after an excitation duration te = 0.14 µs
(a), 3 µs (b), 5 µs (c), 7 µs (d), and 10 µs (e). Corresponding
absorption images of ground-state atoms acquired after te =
5 µs (f) and 10 µs (g). (h) Relative transmission (T i/T 0)
extracted from the ion images at the position just outside
the excitation region (red squares) and transmission (T ) of
the absorption images at the center of the excitation region
(black dots) vs te. The boxes on (c) and (f) indicate the areas
for extracting T i/T 0 and T , respectively.
of ion-atom hybrid systems. We illustrate this in Fig. 4
with a series of images showing the avalanche ionization
of an atomic gas excited to the |30D5/2,mJ = 5/2〉 state.
For these measurements, the 479 nm ionization laser in
Fig. 1 is replaced by a 482 nm laser for the coupling to
the Rydberg state, and the excitation is performed with
a single slit for a variable duration te. After a delay of
0.1µs, we either monitor the ion distributions with our
imaging scheme in Figs. 1(c) and 1(d) or take absorption
images of the ground-state atoms. The images in Fig. 4
are consistent with the well established avalanche ioniza-
tion process [31, 32], and this is confirmed by the presence
of a time threshold in the transmission plots of Fig. 4(h).
While no ions are observed at te = 0.14 µs (Fig. 4(a)),
an initial ionization occurs on the scale of a few mi-
croseconds, mostly due to Penning ionization of pairs of
cold Rydberg atoms excited to the |30D5/2,mJ = 5/2〉
state [33]. At this stage, the ion distribution remains
localized at the excitation region (Figs. 4(b) and 4(c)),
and these few ions barely affect the distribution of the
ground-state atoms (Fig. 4(f)). Once the space charge
due to the ions is sufficiently large to trap electrons, the
avalanche ionization is set off by electrons colliding with
Rydberg atoms and a plasma forms. This process rapidly
depletes the ground-state atoms upon continuous cou-
pling the atomic cloud to the Rydberg state (Fig. 4(g)).
With this ion imaging technique, it can be clearly seen
in Figs. 4(d) and 4(e) that the plasma expands into the
atomic cloud outside the excitation region. We note that
the probability of ionizing the atoms in state |r0〉 during
the EIT imaging pulse of 1 µs remains small in the pres-
ence of the plasma, as ΩP is low and the fraction of atoms
in |r0〉 is further suppressed due to the large Stark shifts.
5Thus our imaging technique can image the space charge
and its expansion with minimum disturbance added to
the plasma.
In conclusion, we have demonstrated in situ imaging of
ions in an atomic ensemble by ion-Rydberg atom interac-
tion induced absorption, with which we have visualized
avalanche ionization processes. One advantage of this
imaging technique is that it does not depend on the in-
ternal structure of the ionic impurities and can be applied
to image a wide range of ion-atom mixtures, including ion
species with no cycling optical transitions available. Our
technique is currently limited by the low intensity of the
probe light, which is used to avoid excess absorption due
to Rydberg-Rydberg interactions but prevents us from
single-shot imaging. A homodyne detection of the probe
light with a reference beam of a ten times stronger field
strength would sufficiently improve the signal-to-noise ra-
tio [34] for spatially resolving individual ions in a single
shot.
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